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Altered Subthreshold Sodium Currents
and Disrupted Firing Patterns
in Purkinje Neurons of Scn8a Mutant Mice
particular sodium channels. Although targeted knock-
outs of specific sodium channel genes have not been
reported, genetic analysis has recently identified a natu-
ral mouse mutant as a functional knockout of a pre-
viously unrecognized sodium channel a subunit named
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Scn8a (Burgess et al., 1995; Kohrman et al., 1995;²Department of Human Genetics
Meisler et al., 1997). The rat ortholog, initially namedUniversity of Michigan
NaCh6, was independently identified and found to haveAnn Arbor, Michigan 48109
abundant expression throughout the central nervous
system (Schaller et al., 1995). Naturally occurring muta-
tions in Scn8a produce ataxias of varying severity. TwoSummary
null mutants lacking Scn8a expression have been char-
acterized. The Scn8amed mutation, initially described asSodium currents and action potentials were charac-
motor endplate disease (Duchen and Searle, 1970;terized in Purkinje neurons from ataxic mice lacking
Duchen and Stefani, 1971), arose by spontaneous inser-expression of the sodium channel Scn8a. Peak tran-
tion of an L1 element into exon 2 of Scn8a (Kohrman et
sient sodium current was z60% of that in normal mice,
al., 1996a). The second null allele, Scn8atg, was gener-
but subthreshold sodium current was affected much
ated by nontargeted transgene insertion (Burgess et al.,
more. Steady-state current elicited by voltage ramps 1995; Kohrman et al., 1995). Mice with the null mutation
was reduced to z30%, and resurgent sodium current, exhibit muscle atrophy and paralysis inaddition toataxia
an unusual transient current elicited on repolarization and invariably die before 4 weeks of age (Duchen and
following strong depolarizations, was reduced to 8%± Stefani, 1971; Harris and Pollard, 1986). Another muta-
18%. In jolting mice, with a missense mutation in tion, Scn8ajo, produces mice of the jolting phenotype,
Scn8a, steady-state and resurgent current were also with a rhythmic head and body tremor and poorly coordi-
reduced, with altered voltage dependence and kinet- nated gait (Dickie, 1965). The molecular defect is a sub-
ics. Both spontaneous firing and evoked bursts of stitution of a threonine for a conserved alanine residue
spikes were diminished in cells from null and jolting in the cytoplasmic S4±S5 linker of domain III, which may
mice. Evidently Scn8a channels carry most subthresh- alter the voltage dependence of the channel (Kohrman
old sodium current and are crucial for repetitive firing. et al., 1996b).
Purkinje neurons have been a particular focus of elec-
Introduction trophysiological studies of subthreshold sodium cur-
rents ever since the work of LlinaÂ s and Sugimori (1980),
Voltage-dependent sodium channels have multiple roles and isolated Purkinje neurons are well-suited to voltage
in the formation of neuronal action potentials. In addition clamp studies of sodium current (e.g., Kiskin et al., 1993;
to producing the large, transient current responsible for Song and Narahashi, 1996; Raman and Bean, 1997).
the upstroke of the action potential, sodium channels Purkinje neurons express mRNA for multiple sodium
carry smaller currents at subthreshold voltages that con- channel a subunits including rat brain I, rat brain II, and
tribute to generation of spontaneous action potentials, Scn8a (Furuyama et al., 1993; Black et al., 1994; Schaller
plateau potentials, and amplification of dendritic input et al., 1995; Felts et al., 1997; Vega-Saenze de Miera,
(see LlinaÂ s, 1988; Taylor, 1993; Crill, 1996). Whether sub- 1997). Scn8a null and jolting phenotypes are both ac-
threshold sodium currents originate from channels dis- companied by impairment of spontaneous firing of Pur-
tinct from those underlying transient current is not yet kinje neurons (Dick et al., 1985, 1986; Harris et al., 1992).
known (see Crill, 1996). Analysis of sodium currents in these mutants may there-
Neurons of the mammalian brain express multiple fore clarify roles of particular sodium channel a subunits
types of sodium channels that are the products of at in determining firing patterns.
We have investigated the effects of the null mutationleast six distinct genes (Goldin, 1995; Schaller et al.,
(Scn8atg) and the jolting mutation (Scn8ajo) on expression1995; Felts et al., 1997). These channels differ in subcel-
of sodium currents of isolated Purkinje cells and havelular localization (Westenbroek et al., 1989), develop-
found differential changes in particular components ofmental pattern of expression (Felts et al., 1997), and
current, along with altered firing properties of the cells.abundance in different brain regions (Beckh et al., 1989;
In null mice, there was a moderate reduction (z35%) ofWestenbroek et al., 1989; Beckh, 1990; Black et al.,
peak sodium current elicited by step depolarizations1994; Schaller et al., 1995). Although this variation is
but a far greater reduction (z70%) of noninactivatingsuggestive of functional differences, there is no direct
sodium current. There was an even more dramaticinformation about different electrophysiological roles of
reduction (.80%) in the resurgent sodium current, anparticular gene products.
unusual transient current elicited in Purkinje neuronsGene disruption combined with electrophysiology
by action potential-like waveforms (Raman and Bean,should be useful for examining the functional roles of
1997). The results suggest that the sodium channel en-
coded by the Scn8a gene produces current with promi-
nent steady-state and resurgent components and that³To whom correspondence should be addressed.
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Consistent with the unchanged peak current±voltage
relationships, the voltage dependence of activation was
not significantly different in normal and mutant mice
when measured more quantitatively by conductance±
voltage plots (Figure 2B). The data for each cell were fit
with a Boltzmann function, 1/(1 1 exp[2{V 2 Vh}/k]),
where V is the test potential, Vh is the midpoint, and k
is the slope factor in mV. The midpoint and slope factor
were similar in neurons from normal mice (Vh 5 232 6
2, k 5 5.2 6 0.3, n 5 8), null mice (Vh 5 233 6 2, k 5
5.3 6 0.3, n 5 8), and jolting mutant mice (Vh 5 229 6
1, k 5 6.0 6 0.4, n 5 8).
In contrast to activation, the properties of inactivation
showed significant differences in normal and mutant
mice. The voltage dependence of inactivation was mea-
sured by applying200 ms prepulses atvoltages between
2110 and 215 mV and assaying availability of sodium
channels with a step to 0 mV (Figure 2C). Data were fit
well by the Boltzmann function 1/(1 1 exp[{V 2 Vh}/k]).
Compared to normal mice (Vh 5 255 6 1, k 5 5.3 6 0.1,
n 5 17), the voltage dependence of inactivation in null
mice was shifted in the hyperpolarizing direction and
was steeper (Vh 5 260 6 2, k 5 4.7 6 0.2, n 5 7).
Thus, if interpreted as removal of one component from a
multicomponent mixture, consistent with the steepening
of the slope, the component lacking in the null mice has a
more positive midpoint than the components remaining.
Figure 1. Transient Sodium Currents in Purkinje Neurons of Normal Inactivation in the jolting mutants had a more positive
and Scn8a Mutant Mice midpoint and shallower slope (Vh 5 251 6 1, k 5 6.0 6
Left panels show transient sodium currents evoked by step depolar- 0.1, n 5 11) than in normal mice. This suggests that
izations from a holding potential of 290 mV in Purkinje neurons the mutation results in a positive shift in the voltage
from normal, jolting mutant, and null mice; currents are shown for
dependence of inactivation of the component of cur-potentials between 260 and 110 mV in 10 mV increments. Time
rent from the Scn8a channel. This is consistent withscale bar applies to all three sets of traces. Right panels show peak
current±voltage relations for the sodium currents in the same cells the positive shift seen when the threonine-to-alanine
shown at left, but with 5 mV increments of voltage. mutation characterizing jolting mutants was introduced
into cloned rbIIA sodium channels expressed in Xeno-
pus laevis oocytes (Kohrman et al., 1996b).
this current plays an important role in regulating sponta- Figure 2D shows the kinetics of inactivation at 230
neous and repetitive firing of Purkinje neurons. mV in cells from normal and mutant mice. In Purkinje
neurons from all three phenotypes,current decayed with
Results two components. In normal mice, the fast phase had a
time constant (tf) of 0.99 6 0.10 ms, the slow phase had
We began by comparing transient sodium currents a time constant (ts) of 8.0 6 0.7 ms, and the fractional
evoked by standard step potentials in Purkinje cells iso- amplitude of the fast component (%f) was 93% 6 1%
lated from normal, null mutant, and jolting mutant mice. (n 5 8). Inactivation kinetics were very similar for jolting
Figure 1 (left panels) shows families of currents evoked mutants, in which tf5 0.85 6 0.06 ms, ts 5 8.3 6 0.4
by depolarizations from a holding potential of 290 mV ms, and %f 5 95% 6 1% (n 5 8). However, in null mice,
to potentials between 260 and 110 mV; the external the currents decayed significantly faster than in normals
solution contained reduced (50 mM) sodium to minimize and, in particular, had a much briefer ªslowº component
series resistance errors. There was no obvious differ- (tf 5 0.66 6 0.06 ms, ts 5 2.8 6 0.3 ms, and %f 5 92% 6
ence in the voltage dependence of peak transient cur- 2%, n 5 9). The results suggest that the Scn8a sodium
rent in cells from normal, null mutant, and jolting mutant channel produces a transient sodium current with a pro-
mice (Figure 1, right panels). In all cases, peak transient longed slow component of inactivation at voltages near
current increased steeply from 240 mV to 220 mV, and 230 mV. This is broadly consistent with the voltage
maximal current was elicited by steps to 215 or 210 dependence of inactivation for Scn8a channels being
mV. On average, however, as illustrated in Figure 2A, shifted in the depolarizing direction compared with the
the magnitude of the current was considerably smaller remaining components, as inferred from the availability
in cells from null mutants (24.3 6 0.2 nA, n 5 41) than curves.
in normal mice (26.8 6 0.4 nA, n 5 42) or jolting mutants To characterize persistent or steady-state sodium
(26.3 6 0.4 nA, n 5 27). There was little difference current in the neurons, a slow ramp voltage command
in the magnitude of current in normal mice that were (0.1 mV/ms) from 290 to 130 mV was applied (Figure
homozygotes (27.1 6 0.6 nA, n 5 17) or Scn8atg/1 het- 3). In neurons from normal mice, the steady-state tetro-
dotoxin-sensitive current determined by this protocolerozygotes (26.7 6 0.5 nA, n 5 25).
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Figure 2. Effects of Scn8a Mutations on Am-
plitude, Voltage Dependence, and Kinetics of
Transient Sodium Currents
(A) Current amplitudes in neurons from nor-
mal and Scn8a mutant mice. The peak tran-
sient sodium current evoked from a step from
290 mV to 0 mV is plotted for each Purkinje
neuron (small symbols). Large symbols with
error bars indicate mean 6 SEM.
(B) Conductance±voltage relations for the
traces shown in Figure 1. The reversal poten-
tial (Vrev) of the peak transient currents was
estimated from the current±voltage (I±V) rela-
tion, and the transient conductance (G) was
calculated as G 5 I/(V 2 Vrev), normalized to
the maximal conductance (Gmax) and plotted
as a function of step depolarization. Solid
lines are fits to the Boltzmann function 1/(1 1
exp[2{V 2 Vh}/k]), where V is the test poten-
tial, Vh is the midpoint (228, 227, and 228
mV for the cells from normal, jolting, and null
mice) and k is the slope factor (5.9, 5.7, and
5.4 mV for the cells from normal, jolting, and
null mice).
(C) Voltage dependence of inactivation deter-
mined with 200 ms prepulses. The vertical
dotted line illustrates the different proportion
of channels available in each phenotype from
250 mV. Solid lines are fits to the Boltzmann
function 1/(1 1 exp[{V 2 Vh}/k]), where V is
the test potential, Vh is the midpoint (254,
248, and 260 mV for the cells from normal, jolting, and null mice) and k is the slope factor (5.1, 5.8, and 4.6 mV for the cells from normal,
jolting, and null mice).
(D) Currents evoked by step depolarizations to 230 mV for cells from each phenotype, normalized to the peak current. The current in the null
cell (dotted trace) decays more quickly than the currents in the normal or in the jolting mutant, which superimpose.
had a maximal value of 2165 6 13 pA (n 5 19) occurring measurable resurgent current (257 6 19 pA, n 5 16).
In addition to being much smaller than in normal mice,at a potential of 247 6 1 mV. The current induced by
the slow ramp was dramatically smaller in cells from the resurgent current in jolting mice had different kinet-
ics. Due to the small size of the current in jolting mutants,null mice, with a maximum of 251 6 6 pA (n 5 19),
occurring at a potential of 250 6 1 mV. In Purkinje cells the kinetics could be best defined by examining current
averaged over many cells (Figure 3B). In normal mice,from jolting mice, maximal steady-state current was
larger than in null mice but appreciably smaller than the mean resurgent current (averaged over 19 cells)
evoked upon repolarization to 230 mV reached a peakin normal mice (282 6 8 pA, n 5 16). In addition, in
comparison with normal mice, maximal steady-state in 6 ms and decayed with a single exponential time
constant of 27 ms. In the jolting mutants (16 cells), thecurrent was achieved at a more depolarized potential
(237 6 1 mV). current decayed more slowly, with a time constant of
42 ms.In the voltage protocol in Figure 3, the ramp from 290
to 130 mV was followed by a step to 230 mV. If current In rat Purkinje neurons, resurgent current much like
that following the slow ramps in Figure 3 can also beis at steady-state throughout the protocol, the current
during the step to 230 mV would be the same as the elicited following brief steps to 130 mV (Raman and
Bean, 1997). Figure 4 shows sodium currents in mousecurrent at 230 mV during the ramp. In a previous study
on central neurons from rats, the current in hippocampal neurons elicited by a protocol designed to illustrate
the distinction between resurgent sodium current andCA3 neurons was found to behave in this way, but in
Purkinje neurons, the return to 230 mV evoked a tran- steady-state or noninactivating sodium current. From a
holding potential of 290 mV, the cell membrane poten-sient current several-fold larger than the current at 230
mV during the ramp (Raman and Bean, 1997). This ªre- tial was stepped to 230 mV for 100 ms, evoking sodium
current that reached nearly steady-state inactivation. Insurgentº current through tetrodotoxin-sensitive sodium
channels was prominent in Purkinje neurons from nor- the normal cell illustrated in Figure 4, at the end of the
step to 230 mV, the current had decayed to z2% of itsmal mice (Figure 3). The resurgent current at 230 mV
following the slow ramp reached a peak value z4-fold peak value (the peak is off-scale in the figure). After a
5 ms return to 290 mV to reset the activation machinerygreater than the steady current at 230 mV during the
ramp and then decayed back to that level. Defined as the of the channels, the cell was depolarized to 130 mV for
20 ms and then repolarized to 230 mV for 100 ms. Thedecaying component of current, the resurgent current in
normal mice was 2193 6 20 pA (n 5 19). In null mice, resurgent current is evident in the second epoch at 230
mV as a time-dependent current that reaches a peak inthe resurgent current was virtually abolished (216 6 3
pA, n 5 19). In jolting mutants, there was a small but z4 ms and then decays with a time constant of 25 ms.
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Figure 3. Sodium Current Elicited by a Slow
Ramp Protocol in Purkinje Neurons of Normal
and Scn8a Mutant Mice
(A) Sodium currents evoked by the illustrated
protocol in five neurons from each pheno-
type. Scale bars apply to all traces. Horizontal
dotted lines indicate 0 mV current; vertical
dotted lines indicate 240 mV.
(B) Averaged responses of all neurons from
normal mice (19 cells), jolting mutants (16
cells), and null mice (19 cells). Standard error
bars are included at 290, 260, 245, 230, 0,
and 130 mV during the ramp, as well as at
the peak current and steady-state level upon
repolarization (230 mV).
The kinetics are nearly identical in mouse neurons as step to 230 mV. In the other three cells, there was a
small relaxing current, suggesting that gene productsthose in rat neurons (Raman and Bean, 1997). Similar
to resurgent current primed by slow ramps, the current in addition to Scn8a are capable of producing at least
very small resurgent currents. However, resurgent cur-following a 20 ms step to 130 mV reaches a peak much
greater than the steady-state current at the end of the rent elicited by this protocol in nulls was on average
only 18% of that in normal cells, while in the same setinitial step to 230 mV, and it then decays to a similar
steady-state. of cells, the average transient current for the initial step
to 230 mV in nulls was 97% of that for normal cells.The resurgent sodium current elicited by the protocol
of Figure 4 was completely absent in Purkinje neurons (The fact that transient current was not smaller in cells
from null mice in this data set is partly due to rejectionfrom most null mice and much smaller in jolting mutants
than normal mice. Representative current records from of cells from normal mice with large currents that gave
excessive series resistance errors.)cells of mutant mice are shown in Figure 4, superim-
posed on the record from a cell from a normal mouse. Figure 5 shows the voltage dependence of resurgent
current in the normal and mutant mice. The resurgentIn each case, the current is plotted normalized to the
peak current elicited by the first step to 230 mV. Defined current was primed by a 20 ms step to 130 mV and
elicited by repolarization to a range of voltages betweenas the decaying portion of the current during the second
step to 230 mV (i.e., with the steady-state current sub- 280 and 210 mV. The resurgent currents in the normal
mouse cell have essentially identical time and voltagetracted from the peak current after repolarization), the
resurgent current was 290 6 10 pA (n 5 9) in normal dependence as in rat Purkinje neurons, with maximal
current for a step to 240 mV and with increasingly fastcells, 238 6 5 pA (n 5 4) in jolting mutants, and 216 6
5 pA (n 5 8) in null mice. Of the eight cells from null decay with more hyperpolarization. The cell from the
null mouse shows no significant time-dependent currentmice studied with this protocol, in five there was no
detectable time-dependent current during the second on repolarization to any voltage. In the cell from a jolting
Scn8a in Purkinje Neurons
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Figure 4. Resurgent Sodium Current in Purkinje Neurons of Normal
and Scn8a Mutant Mice
Neurons were subjected to a voltage protocol to elicit first transient
and then resurgent current at 230 mV. Sodium currents were nor-
malized to the peak transient current (off scale). Vertical calibration
bar indicates current corresponding to 2% of peak transient current.
mutant, the small time-dependent current had an ampli-
tude that varied less with voltage than in control cells
but showed similar hastening of decay with hyperpolar-
ization.
Resurgent current may represent partial recovery
from inactivation proceeding through open states of the
channel (Raman and Bean, 1997), analogous to recovery
from N type inactivation in Shaker potassium channels
(Demo and Yellen, 1991). We therefore compared recov-
ery from inactivation in normal and mutant mice. The
protocol in Figure 6 examined recovery from inactivation
at 240 mV, where resurgent current is prominent in wild-
type neurons. Cells were first stepped from 290 to 0
mV to provide a measure of maximal transient current
at 0 mV. After recovery at 290 mV, cells were given a
5 ms conditioning pulse to 130 mV to produce maximal
inactivation, a variable recovery interval at 240 mV, and
Figure 5. Voltage Dependence of Resurgent Current in Purkinjea test pulse to 0 mV. In normal cells, resurgent current
Neurons of Normal and Scn8a Mutant Mice
was evoked during the interval at 240 mV, and, simulta-
(A) Sodium currents evoked by the step protocol shown in neuronsneously, there was partial recovery from inactivation
from normal and mutant mice. The repolarizing step ranged from
(Figure 6A). Recovery was nonmonotonic, with maximal 280 to 220 mV in 10 mV increments. For each set of traces, the
recovery achieved with a 7.5 ms interval; with longer vertical scale bar corresponds to 10% of the transient current
evoked upon depolarization to 130 mV (off scale).times, there was a distinct reduction in test pulse cur-
(B) The peak resurgent current at each potential is plotted againstrent. In averaged data from four normal cells, maximal
membrane potential for the traces shown in (A) (currents at 210 mVrecovery was 12% 6 2% (Figure 6C). In cells from null
omitted from [A] for clarity).
mice, recovery was slower and less complete (Figures
6B and 6C); channels recovered to a maximal level of
5% 6 1% (n 5 13), and recovery could be fit well with by 8% 6 1%. These results suggest that the sodium
channels missing in the null mice show more recoverya single time constant of 5 ms. In cells from jolting
mutants (Figures 6B and 6C), recovery could also be fit from inactivation at 240 mV than the channels that re-
main. The greater steady-state recovery in the joltingwell by a single exponential, in this case with a time
constant of 7 ms and asymptote of 12% 6 1% (n 5 8). mutant neurons is consistent with the more depolarized
steady-state availability curve seen in jolting mutantCompared at a constant recovery time of 7.5 ms, sodium
currents in normal cells recovered by 12% 6 2%, those cells compared with either normal cells or null mutant
cells.in null mice by 4% 6 1%, and those in jolting mutants
Neuron
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Figure 6. Slowed Recovery from Inactivation
at 240 mV in Scn8a Mutant Purkinje Neurons
(A and B) Recovery from inactivation was as-
sayed using the voltage protocol shown. The
response to the initial step to 0 mV served as
the reference forcalculating percent recovery
in (C). The breaks in the traces represent 25
ms. Inactivation was elicited with a 5 ms step
to 30 mV, and channels were allowed to re-
cover at 240 mV for various intervals before
the test step to 0 mV. A briefer increment in
interval was used for normals (1.5 ms) than
for mutants (2 ms) because of the more rapid
recovery in normals. Time scale in (A) also
applies to (B).
(C) Percent recovery (test response/refer-
ence response) is plotted for normal neurons
(squares, n 5 4), neurons from jolting mutants
(circles, n 5 9), and neurons from null mice
(triangles, n 5 13). Solid lines are single expo-
nential functions with time constants of 2.0,
7.1, and 4.9 ms for normal, jolting, and null
data and asymptotes of 12.1%, 12.1%, and
4.9% for normal, jolting, and null data. Be-
cause of the nonmonotonic behavior of the
normal data, the fit was restricted to the first
10 ms.
Because the repolarizing stimulus that elicits resur- of 260 to 250 mV (Figure 7, top left). Although an analy-
sis of the bursts in rat Purkinje neurons suggested angent current is similar to the downstroke of an action
important contribution of resurgent sodium current, an-potential, this current may participate in repetitive firing
other voltage-dependent current likely tobe important isof action potentials (Raman and Bean, 1997). Changes
the large calcium current present in the neurons (Regan,of firing properties are seen in Purkinje neurons in brain
1991). We tested the contribution of calcium current toslices with various mutations at the Scn8a locus. To
the repetitive firing behavior by examining excitabilityexamine how the intrinsic excitability of Purkinje neu-
in Tyrode's solution in which the Ca21 was completelyrons is altered in null and jolting mutants, we measured
substituted by Co21 (2 mM). Under these conditions, sixaction potentials of isolated Purkinje neurons under cur-
of eight normal cells continued to produce bursts ofrent clamp. Cells were held at 280 mV to halt spontane-
action potentials in response to just suprathreshold 1ous firing, and action potentials were elicited by a brief
ms depolarizations. The average number of spikes per(1 ms) injection of depolarizing current that was just
burst was reduced to 2.9 6 0.6 (n 5 8; Figure 7, top
suprathreshold. In normal freshly isolated rat Purkinje
right). This result suggests that voltage-dependent cal-
neurons, it is impossible to stimulate single spikes: even
cium channels help support firing of bursts of action
with just suprathreshold stimulation, cells fire all-or-
potentials but shows that they are not essential.
none bursts of three to four action potentials (Song and Purkinje neurons from null mice showed a reduction
Narahashi, 1996; Raman and Bean, 1997). The same of burst firing in normal Tyrode's solution and complete
behavior was seen with Purkinje neurons from normal loss of burst firing when calcium channels were blocked
mice. In fact, the all-or-none firing of bursts of action (Figure 7, bottom). In normal Tyrode's solution, cells
potentials was even more dramatic in Purkinje cells from from null mice fired 2.4 6 0.3 (n 5 8) spikes per burst.
normal mice than from rats. All cells tested fired three With Ca21 replaced by Co21, none of the eight cells fired
or more action potentials for a just suprathreshold stimu- more than one spike per stimulus, and the afterdepolar-
lus, with an average of 6.6 6 1.0 spikes (n 5 8). The ization was reduced or abolished. Firing was also re-
bursts of action potentials triggered by the brief stimulus duced in cells from jolting mutants (Figure 7, middle).
In normal Tyrode's solution, four of six cells fired twowere characterized by interspike voltages in the range
Scn8a in Purkinje Neurons
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the rate of firing then increased and the amplitude of
action potentials decreased until the cell depolarized
and ceased to fire. These results show that in both
Scn8a null mutants and jolting mutants, the ability of
Purkinje neurons to fire spontaneously is compromised,
especially when voltage-dependent calcium current is
blocked by Co21.
Discussion
Scn8a and Subthreshold Sodium Current
These results suggest that sodium channels formed by
the Scn8a subunit play the major role in carrying sub-
threshold sodium current in Purkinje neurons. In null
mice, both of two distinguishable kinds of subthreshold
sodium current, steady-state current and resurgent cur-
rent, were greatly reduced compared to overall transient
current. While transient current was 63% of that in nor-
mal mice, maximal steady-state current evoked by slow
ramps was 31% and resurgent current was only 8%
(measured after slow ramps) or 18% (measured after
brief steps to 130 mV).
As with any mutation that eliminates expression of a
single protein, it is impossible to rule out that changes
in cellular physiology may reflect indirect effects, for
example, due to changes in development. However, the
relative specificity of the changes for particular compo-
Figure 7. Firing Properties of Purkinje Neurons from Normal and nents of sodium current make it seem reasonable to
Scn8a Mutant Mice interpret the effects as directly due to loss of Scn8a
Action potentials in each neuron were evoked in 2 Ca21 Tyrode's expression. This interpretation is consistent with previ-
(left column) and in 2 Co21 Tyrode's (right column; same three cells).
ous insitu hybridizationcytochemistry showing thatScn8aDotted lines indicate 0 and 280 mV, as marked. All traces are shown
mRNA is highly expressed in normal Purkinje neuronson the same scale. Lowest records illustrate the 1 ms current injec-
(Schaller et al., 1995; Felts et al., 1997; Vega-Saenz detion that elicited each spike (0.9 nA for the normal and null; 1 nA
for the jolting mutant). Miera, 1997).
Contributions of Multiple Sodium Channels
spikes, and the other two cells fired only once, despite to Transient and Steady-State
relatively large afterdepolarizations. In Co21, five of the Sodium Current
six cells fired only one spike, and the sixth cell sporadi- The fact that substantial transient current remains in the
cally fired two spikes per burst. A large afterdepolariza- null mice demonstrates that additional sodium channels
tion persisted, although briefer and sometimes smaller can contribute to overall sodium current in Purkinje neu-
than in control solutions. rons. The remaining channels carry large transient cur-
Purkinje neurons in brain slices fire spontaneously rents, moderate steady-state current, and very little re-
even in the absence of synaptic input (Hounsgaard, surgent current. This electrophysiological evidence for
1979; LlinaÂ s and Sugimori, 1980), and spontaneous firing expression of channels in addition toScn8a is consistent
is maintained in tissue culture (Gruol and Franklin, 1987) with previous cytochemical data showing expression in
and even in freshly isolated cell bodies (Raman and Purkinje cells of the rat brain I channel (Westenbroek
Bean, 1997). The ability of neurons to fire spontaneously et al., 1989; Furuyama et al., 1993; Black et al., 1994;
was also affected by the mutations. Of six cells from Vega-Saenz de Miera, 1997), which Westenbroek and
normal animals, three fired spontaneously with no hold- colleagues (1989) found to be localized to cell bodies
ing current, and the other three fired steadily with a small using polyclonal antipeptide antibodies. Recently, Vega-
(10±30 pA), steady hyperpolarizing holding current. Five Saenz de Miera and colleagues (1997) performed RT-
out of five cells could fire trains in Co21 either spontane- PCR on single Purkinje neurons of adult guinea pig and
ously or with small holding currents (the sixth was lost detected expression of only two sodium channel a sub-
before Co21 application), although the rate was some- units, the orthologs of rat brain I and Scn8a, raising the
times less regular in Co21. Four out of seven null cells possibility that these two gene products carry most of
fired regularly (three with no hyperpolarizing current) in the sodium current in Purkinje neurons. However, some
Ca21 Tyrode's; only two of these seven could continue in situ experiments on rat brain Purkinje neurons have
to do so in Co21, regardless of how the holding current also shown strong (Black et al., 1994) or weak (Furuyama
was adjusted. Two of six jolting cells fired trains in Ca21 et al., 1993) expression of rat brain II sodium channels.
Tyrode's if stimulated by anode break, but firing eventu- Possibly most expression of rat brain II channels is local-
ally stopped. One of these cells could also fire repeti- ized to axons, a general pattern detected with antibodies
(Westenbroek et al., 1989).tively inCo21 for a short timeafter anode break; however,
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In the null mice, transient current is significantly re- steady-state current would depend on exactly how the
inactivation process is related to the activation process,duced, and its inactivation kinetics are modified, sug-
gesting that Scn8a channels contribute to transient as an issue that is unresolved. The Hodgkin and Huxley
model of independent activation and inactivation pre-well as steady-state and resurgent current. This is con-
sistent with previous single-channel recordings from rat dicts steady currents in the ªwindowº between voltages
where activation becomes significant and those wherePurkinje neurons showing that channels giving resur-
gent openings also produce conventional transient inactivation is complete, but there is strong evidence
against this model for channel gating (see Hille, 1992),openings (Raman and Bean, 1997). In addition, transient
sodium current is greatly reduced in motor neurons from and it is not consistent with the voltage dependence of
steady-state sodium current in hippocampal neuronsnull mice (GarcõÂa et al., 1996, Soc. Neurosci., abstract).
Since other channels could be up-regulated in response (French et al., 1990). More recent kinetic models that
better account for the relationship between activationto the loss of Scn8a, the 37% average reduction in tran-
sient current in Purkinje neurons of null mice may be an and inactivation (e.g., Vandenberg and Bezanilla, 1991)
might also make more accurate predictions of steady-underestimate of the contribution of Scn8a to transient
current in normal Purkinje neurons. state current, but this has not yet been explored. Nor
has the ability of specific cloned channels to carryThough steady-state sodium current is greatly re-
duced in null mice, it is still present, showing that the steady-state current yet been studied systematically.
Our results suggest that Scn8a channels may carryremaining sodium channels are capable of passing
steady-state as well as transient current. Thus, it ap- larger steady-state current than some other channel
types.pears that both Scn8a and the remaining channels can
make both transient and steady-state sodium current. In addition to steady-state current resulting from the
intrinsic reversibility of the inactivation process, thereThe difference is that Scn8a channels carry more
steady-state current for a given magnitude of transient may be more specialized gating mechanisms contribut-
ing to steady-state current. Single-channel recordingscurrent. For the remaining channels in cells from null
mice, the maximal sodium current during a slow ramp showoccasional long bursts of openings that may repre-
sent discrete gating modes (Patlak and Ortiz, 1986; Alz-(peaking near 250 mV) was 1.2% 6 0.1% (n 5 9) of the
peak transient current (at 0 mV). In normal cells, ramp heimer et al., 1993; Brown et al., 1994) rather than just a
reversible inactivation step, which would give infrequentcurrent was 2.7% 6 0.3% (n 5 16) of peak transient
current. The fractional contribution of current from short openings. Also, in rare cases in Purkinje neurons,
individual channels that show no inactivation have beenScn8a channels to overall transient current may be as
low as 37%, as suggested by the reduction of transient reported (Sugimori et al., 1994, Soc. Neurosci., abstract;
Raman and Bean, 1997). The relative contribution ofcurrent in the null mice, but it could be larger if there is
up-regulation of other channels. Depending on the ex- such specialized channels to steady-state current is un-
known.tent of up-regulation, the ratio of ramp current/transient
current for a pure population of Scn8a channels can be Although all sodium channels might be expected to
produce physiologically significant steady-state cur-calculated to be between 2.7% and 5.4%.
The relative ability of Scn8a and other sodium chan- rent, the ability to produce resurgent current is evidently
much more restricted. There are at least two examplesnels to produce resurgent current evidently differs even
more than the ability to carry steady-state current. Here, of cells with large transient sodium currents but unde-
tectable or insignificant resurgent current: hippocampalthe comparison suggests a nearly all-or-none differ-
ence, since the majority of cells from null mice showed CA3 neurons (Raman and Bean, 1997) and Scn8a null
Purkinje neurons (Figures 3±6).The case of hippocampallarge transient currents but no detectable resurgent cur-
rent. Nevertheless, a very small resurgent current was CA3 neurons is intriguing, because in situ experiments
show that Scn8a channels are prominently expresseddetectable in some cells from null mice, suggesting that
gene products other than Scn8a can carry such a cur- in these cells (Schaller et al., 1995; Felts et al., 1997;
Vega-Saenz de Miera, 1997). This raises the possibilityrent, although apparently less readily.
that Scn8a expression is necessary but not sufficient
for resurgent sodium current. Scn8a gene products withMolecular Mechanism of Steady-State
and Resurgent Current different functional properties could arise from alterna-
In principle, any sodium channel might be expected tive splicing (see Burgess et al., 1995; Plummer et al.,
to produce some steady-state current. Inactivation in 1997), posttranslational processing, or particular acces-
sodium channels is thought to be mediated by the intra- sory subunits that influence gating behavior (Patton et
cellular III-IV linker (West et al., 1992), perhaps acting al., 1994). The ability of channels made by cloned Scn8a
directly as a blocking particle of open channels (Eaholtz subunits to carry resurgent current cannot be tested
et al., 1994). With this mechanism, steady-state current directly since these channels have not been functionally
would occur simply as a result of equilibrium block, if expressed.
the unbinding rate constant of the blocking particle is
not zero. Since the transient current underlying the up-
Role of Scn8a Channels in Firing Patternsstroke of the action potential can reach .10 nA, incom-
Sodium currents from Scn8a channels appear to be im-plete inactivation at the level of even 0.1%±1% could
portant for the unusual behavior of isolated Purkinjeproduce steady-state sodium current of .10±100 pA,
neurons in firing all-or-none bursts of action potentials inlarge enough to have significant electrical effects be-
tween action potentials. The voltage dependence of response to a brief stimulus. In normal Tyrode's solution,
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Experimental Proceduresthe average number of spikes per burst was attenuated
from 6.6 in normal mice to 2.4 in null mice. When calcium
Animalscurrent was blocked, burst firing was maintained in nor-
The Scn8atg null mutation arose by nontargeted transgene insertion
mal mice but abolished in null mice. Thus, both voltage- on a C57BL/6J chromosome and has been maintained since 1992
dependent calcium current and Scn8a sodium current by crossing to strain C57BL/6J (Burgess et al., 1995; Kohrman et
al., 1995). The animals used in this study were F2 offspring of thecontribute strongly to burst firing. Resurgent sodium
cross C57BL/6J±Scn8atg/1 3 C3Heb/FeJ. Heterozygous Scn8atg/1current immediately following an action potential is
F1 animals were identified by PCR with primers specific for theprobably one important element underlying burst firing
transgene (Kohrman et al., 1995). Jolting mice were obtained fromin normal mice, as in normal rat Purkinje neurons (Raman
John Harris (University of Newcastle, Newcastle-upon-Tyne, UK)
and Bean, 1997). In addition, recovery from inactivation and maintained as previously described (Kohrman et al., 1996b).
at voltages in the range of 240 to 260 mV is evidently C57BL/6J and C3Heb/FeJ mice were obtained from the Jackson
Laboratory, Bar Harbor, ME. Homozygous Scn8ajo/Scn8ajo mice andmore pronounced in Scn8a than other sodium channels.
homozygous Scn8atg/Scn8atg mice could be recognized by theirIn normal rat and mouse Purkinje neurons, there is rapid
affected phenotypes. The genotypes of all mice were confirmed as(5±8 ms), partial (11%±12%) recovery from inactivation
described below.with repolarization to 240 mV. This recovery appears
to be associated with the flow of resurgent current at Determination of Scn8a Genotypes
240 mV, since both the amplitude of current and extent At the time of preparation of Purkinje cells, liver samples from indi-
of recovery are greatly diminished in the null mice (and vidual mice were frozen at 2808C. Genomic DNA was prepared by
digestion with proteinase K, extraction with phenol/chloroform, andboth are lacking in rat CA3 neurons). In the recovery
precipitation with ethanol. Genotypes were determined by PCR us-time course from normal mice in Figure 6, at 240 mV
ing 100 ng of genomic DNA. For the Scn8atg line, two pairs of primersthere is z10% recovery in 4±5 ms, the interspike interval
that amplify the mutant or the wild-type allele were included in eachin the all-or-none bursts of action potentials. Since the
PCR reaction. Primer pair 1 (forward: GGA ATT CCG AAG TGA AAC
interspike voltage is more negative (245 to 260 mV; CTT TAG ACG AGC TGT ATG AG; reverse: GGA ATT CCT TCT GGA
Figure 7), this would be an underestimate of interspike AGT CGC CGT TCC TGT GAA TGT CC) amplifies a 111 bp fragment
from the wild-type Scn8a gene that is deleted by insertion of therecovery. With a maximal current of .10 nA in normal
transgene, spanning nucleotides 2356±2450 of the cDNA (Burgesssodium (inferred from the mean current of 7 nA in 50
et al., 1995; GenBank U26707). Primer pair 2 (forward: GAG GGAmM sodium), 10% recovery would correspond to an
GGG CTG AGG GTT TGA AGT C; reverse: CCA TGG TGT CTG TTTavailable current of .1 nA, easily sufficient for a full-
GAG GTT GCT AG) amplifies a 244 bp product from the transgene.
blown action potential in a 25 pF cell. Thus, the proper- After denaturation for 3 min at 948C, reactions were carried out for
ties of Scn8a channels may be important in two ways 35 cycles of 45 s at 948C, 45 s at 658C, and 45 s at 728C.
For the jolting line, conformation sensitive gel electrophoresisfor production of action potential bursts: the resurgent
(Ganguly et al., 1993) was used to detect the single nucleotide differ-current provides a direct depolarizing current between
ence between wild type and mutant alleles. This method allowsspikes, while the rapid recovery from inactivation allows
identification of heteroduplex DNA molecules. PCR primers flankingrecovery from refractoriness within 4±5 ms.
the Scn8a mutation amplify an approximately 280 bp fragment of
Previously, in vivo measurements in both jolting mu- genomic DNA from normal and jolting alleles (forward: TGG CAG
tants and null (Scn8amed) mutants showed disruption of AAC ATG CCA CAG AAG TGT CAT TCC, reverse: GGA ATT CCT
CAC CTC GTC GAT TTC GAA CCG). The PCR conditions were asspontaneous firing in Purkinje neurons (Dick et al., 1985;
described above, with the addition of a 10 min incubation at 998CHarris et al., 1992). Our experiments show that the ability
followed by 30 min at 688C to facilitate heteroduplex formation. Toof isolated Purkinje neurons to fire spontaneously is
estimate the concentration of the amplified DNA, aliquots of eachalso greatly diminished in the null and jolting mutants,
reaction were examined by electrophoresis for a short time on 1%
especially when calcium current is blocked. Evidently, agarose gels and ethidium bromide staining. Mutation detection
the Scn8a sodium channel is effective in supporting was then performed by electrophoresis of comparable amounts of
the PCR products on 38 3 50 cm (1 mm thick) 10% polyacrylamidepacemaking activity. In this context, the regenerative
gels with 15% formamide, 10% ethylene glycol, in 0.53 TTE bufferproperty evident in the current±voltage relationship for
(Amersham), run at 600 V overnight. Bands were visualized by ethid-steady-state current, increasing steeply from 260 to the
ium bromide staining. Samples from unaffected mice wereexaminedpeak at 247 mV, is probably especially important. It
to distinguish between 1/1 mice (one band) and Scn8ajo/1 mice
seems likely that the reduction of this steady-state cur- (doublet). To confirm the affected status of apparent Scn8ajo/Scn8ajo
rent by 70% in the null mice is the main factor in compro- homozygotes, the PCR product was analyzed alone (one band pre-
mising the ability of mutant Purkinje neurons to fire dicted) and also as a mixture with an equal amount of 1/1 product
(doublet predicted). The mixture was incubated for 2 min at 948Cspontaneously.
and 30 min at 688C to permit heteroduplex formation. All of theThese results suggest that sodium channels encoded
affected mice were confirmed to be Scn8ajo/Scn8ajo homozygotesby different genes have different abilities to form sub-
by this method.
threshold sodium current. The distinction is not all-or-
none for steady-state sodium current, which is found in Cell Preparation
many types of neurons. In contrast, resurgent current, Experiments were done on cerebellar Purkinje neurons freshly dis-
so far found only in Purkinje neurons, may be restricted sociated by treatment with protease XXIII (Sigma Chemicals, St.
Louis) as previously described (Mintz et al., 1992; Raman and Bean,to certain a subunits, including Scn8a. Variability in sub-
1997). All reagents were obtained from Sigma. Mice (postnatal daythreshold sodium currents among different types of neu-
14±19) were anesthetized with methoxyflurane prior to decapitation.rons is likely to contribute to functional differences in
This age range was chosen since null mice die on postnatal day 21,
firing patterns (LlinaÂ s, 1988). Further genetic analysis by which time they exhibit Purkinje cell degeneration, thus placing
should help in understanding the multiple roles of so- a limit on age-matched measurement across normal and mutant
dium channels in both normal and pathophysiological mice. Tissue was dissected in ice-cold, oxygenated dissociation
solution containing 82 mM Na2SO4, 30 mM K2SO4, 5 mM MgCl2, 10conditions.
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mM HEPES, 10 mM glucose, and 0.001% phenol red (buffered to extrapolated to t 5 0, and t f and ts are the time constants of decay
(ms) of the fast and slow exponentials, respectively. From thesepH 7.4 with NaOH). The vermal layer of the cerebellum was removed
and minced, and the tissue was then transferred to 10 ml of dissocia- values, the percent of the fast component of decay (extrapolated
to time 0), %f, was calculated as %f 5 Af/(Af 1 As).tion solution containing 3 mg/ml protease XXIII (pH 7.4 with NaOH)
at 378C, with oxygen blown over the surface of the fluid, in which
it was incubated for 7 min. After incubation, the tissue was washed
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